Wet-etching of amorphous Ge 2 Sb 2 Te 5 films was studied by ICP and XPS spectrometries. It is thought that wet-etching arises from chemical etching that starts with bond breakages, oxidation of each element and subsequent dissolution of the resultant oxides. The Ge element debonds more easily from the Ge-Sb-Te matrix than the Te element, but Ge oxide is more stable than Te oxide. The Te element debonds more sluggishly than Ge, although Te oxide is quite unstable. As a result, Ge is the first leached element that dominates the etching process. Sb is the most difficult element to leach in Ge 2 Sb 2 Te 5 thin films. Cells of phase-change random access memory (PRAM) were successfully manufactured using the wet-etching process, and studies of the switching properties revealed a low threshold voltage of 0.60 ± 0.15 V.
Introduction
In order to fulfil the requirements of ever advancing information technologies nowadays, there are many emerging nonvolatile 'random access memory (RAM) technologies', such as magnetic (MRAM), ferroelectric (FeRAM) and the phase-change (PRAM) that is also called ovonic unified memory, OUM [1] [2] [3] . Because of many advantages, such as a high-speed, high-density, nonvolatility, low power consumption, competitive cost, and possible multiple writing per bit, PRAM is a fast emerging candidate for the next generation RAMs. Data storage of PRAM is accomplished by a small electric pulse (or heat surge) through a chalcogenide layer which is switched from an amorphous state which has a low electric conductivity to a crystalline state which is highly conductive. The latter can be switched back to the amorphous state (erasing) by a much larger electric pulse to melt and quench the heated region.
Wet-etching techniques have been popularly used in IC fabrication due to its convenience, low cost and no requirement of precious equipment. There has been a lot of research on the etching of group III nitride semiconductors during the last two decades. Appropriate etchant and etching conditions, and selective etching of the polar surface of epitaxial GaN were successfully attained [4] . It is proposed that GaN/InGaN/AlN micro-disc laser structure can be successfully fabricated by the wet-etching process due to its high etching selectivity of AlN over GaN [5] . Mechanisms of etching semiconductors can be divided into two categories, one is electrochemical etching and the other is chemical etching. Thereby, GaN and SiC crystals are etched by electrochemical and chemical etching, and AlN is only etched by chemical etching [6] .
Much research on GeSbTe chalcogenide films with suitable compositions has been conducted for their capability as a phase change memory material [7] [8] [9] [10] . In order to fabricate the PRAM devices, etching is essential in the manufacture processing. And wet etching is always a costeffective choice, as that in the daily operations of IC industries. Etching techniques for Ge 2 Sb 2 Te 5 chalcogenide materials were reported in the phase-change recording systems to decrease the spot size [11, 12] . Only crystalline regions can be etched by an alkaline solution leaving amorphous regions unaffected. However, uniform etching of Ge 2 Sb 2 Te 5 films as a whole is extremely important in the processing of RAM cells. It was found that a nitric acid (HNO 3 ) aqueous solution can be an ideal etchant for a Ge 2 Sb 2 Te 5 thin film which is one of the useful materials for phase change memory [13] . The etching rate can be precisely controlled at 4.6 nm s −1 by a nitric acid (HNO 3 ) solution at concentrations around 20% (by volume), which results in macroscopic and microscopic uniformity for the films in the amorphous state [13] . The possible mechanisms of wet-etching Ge 2 Sb 2 Te 5 thin films using nitric acids are studied and presented in this paper. Memory cells were fabricated using the wet-etching process under the explored conditions, and the switching performance was demonstrated.
Experimental methods
Ge 2 Sb 2 Te 5 thin films were sputter-deposited onto a Si(100)/Si 3 N 4 substrate by RF magnetron sputtering using a Ge 2 Sb 2 Te 5 target of 2 inch in diameter. Si 3 N 4 layer has a significant colour to identify whether the etching processes were complete or not. The thickness of films was arbitrarily fixed at around 370 nm. The films were etched using a 20% nitric acid solution for different periods of etching time. The concentrations of Ge, Sb and Te in the etching solution were measured using an inductively coupled plasma method (Spectroflame-ICP). The chemical bonding characteristics of amorphous Ge 2 Sb 2 Te 5 films after etching was examined by x-ray photoelectron spectroscopy (XPS). The surface was cleaned by Ar + sputtering before XPS experiments. The spectrophotometer employs Mg K α x-ray monochromatic source and the instrumental resolution was estimated to be 0.1-0.8 eV.
PRAM memory cells were made using the following steps. First, a 30 nm Ti film as the buffer layer to the Pt film was deposited on a Si (1 0 0) substrate with a 200 nm SiO x top layer. A Pt layer of 150 nm was later deposited as the bottom electrode, and then subsequently the Ge 2 Sb 2 Te 5 thin film of 100 nm thin film was deposited by DC and RF magnetron sputtering onto the Si (1 0 0)/SiOx/Ti substrate, respectively. Secondly, patterns were prepared by a standard photolithography process. And thirdly, another Pt film of 150 nm as top electrode was deposited onto them. Fourthly, 'sandwich' structures were made by a standard lift-off process. Finally, the bottom electrode was exposed by etching the middle 100 nm of Ge 2 Sb 2 Te 5 layer using 20% nitric acid solution at room temperature for an etching time of 22 s. The switching characteristics of single cells which were studied by I-V curves measured using an HP4156. It is very interesting to realize the possible mechanism of etching amorphous Ge 2 Sb 2 Te 5 thin films using a 'simple' etching solution. Figure 2 shows, in the etchant solution, absolute and relative contents versus the film compositions of Ge, Sb and Te elements, respectively, for different etching times. In our experiments, the contents of each element at different etching times are normalized versus those at the end etching time 90 s. Thus the reaction tendency of each element in the whole process will be manifest. The concentrations of Ge, Sb and Te reach the saturation content at the etching time 80 s. And it is the error of the ICP analysis for the higher content of each element at the etching time 80 s than those at 90 s. It is found in figure 2(b) Figure 3 shows the x-ray photoelectron spectra (XPS) of films subjected to different etching times. The intensities of Ge 2p, Sb 3d, and Te 3d decrease with etching time. Especially, the Ge 2p peaks almost disappear after etching for 70 s wherein the Sb 3d and Te 3d peaks still show small intensities. This indicates that Ge is much more easily removed than others in the etching process.
Results and discussion

The etching mechanism of amorphous Ge 2 Sb 2 Te 5 thin films
The XPS spectra of Ge 2p are shown in figure 4 . The peak positions Ge 2p 3/2 of homopolar Ge, GeO 2 and GeO are at 1217 eV, 1219.8 eV and 1221.2 eV, respectively [14, 15] . However, there is no Ge-Ge homopolar bonding peak at 1217 eV; instead, the peaks are at 1218 eV. Thus Ge atoms do not bond to Ge atoms but to Sb and Te atoms in amorphous Ge 2 Sb 2 Te 5 thin films. Before etching, there is a small GeO 2 peak on the surface even after sputter-cleaning of the surface before measurements. Once etching is started, the GeO 2 peak, obviously, becomes stronger, and the Ge-Sb or GeTe peaks are weakened. When the etching process is at around the middle stage, the GeO 2 peak gradually blue-shifts to the GeO peak, and the Ge-Te or Ge-Sb bondings become weaker and weaker. Thus, the relative bondings of Ge oxide and metallic Ge become progressively stronger. The peak of Ge metallic bonding vanishes at an etching time of 70 s, while the dissolution of GeO into the solution makes a weak GeO peak in the later stage of the etching process. Finally, the faint GeO peak also vanishes at an etching time of 90 s, and whence the thin film was completely etched. Therefore, the nitric acid solution is a strong oxidizer to oxidize the Ge species in Ge 2 Sb 2 Te 5 thin films forming GeO 2 and promotes further etching, more so than GeO. [14, 15] . The Sb homopolar (Sb-Sb) bonding is at 537.4 eV and 527.9 eV or 528.2 eV for Sb 3d 3/2 and Sb 3d 5/2 , respectively. And the O 1s peak appears at 531 eV. The Sb homopolar (Sb-Sb) peak does not appear, instead there appears a Sb metallic bonding. The Sb metallic bonding means Sb-Te or Sb-Ge bonds and the formation of Sb clusters in the film. Originally, the peak position of Sb is inbetween the Sb homopolar and Sb metallic bondings, there could be equivalent numbers of Sb homopolar and Sb-Te or Sb-Ge bondings in the amorphous Ge 2 Sb 2 Te 5 thin films. As etching goes on, the Sb peak shifts to the metallic bonding of Sb-Ge or Sb-Te. As figure 4 shows, Ge easily forms Ge oxide, thus it is speculated that the Sb metallic bonding here is Sb-Te, and the intensity decreases gradually. This indicates that Sb-Sb bonding is etched first and the Sb-Te bonding remains. However, as the etching process goes on further, the numbers of Sb-Te bonding decrease and their peak intensities are reduced. Relatively, the peak intensity of Sb oxide increased as thin films were gradually etched until the end point.
The XPS spectra of Te 3d are shown in figure 6 . The Te 3d 5/2 of Te metallic bonding and Te oxide bonding is located at 572.5-574 eV and 576-577 eV, respectively [14, 15] . Te 3d 
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Binding Energy (eV) Figure 6 . XPS spectra of Te 3d at different etching times.
Te 3d 5/2 is closer to but is not exactly at the homopolar (TeTe) position; thus the peak for Te 3d 5/2 is assigned to Te-Ge or Te-Sb bonding. A portion of Te-Te bonding exists. At the beginning of etching, all Te peaks shifted to the Te-Sb bonding and in the minor portion to Te-Ge bonding, and the peak intensity decreases as etching goes on. Also, the oxidized Te bonding becomes strong, revealing the severe etching of the thin films.
From the above results, we know that the etching reaction occurs due to the breakage of bondings of elements in films by the etchant, oxidation and then subsequent dissolution of the resultant oxides by the nitric acid solution. It is interesting to compare the oxidizing capacity of each element as etching proceeds. Figure 7 shows the relationship between relative intensity ratios, in the XPS spectra, of each oxidized element versus its original intensity and etching time. Obviously, the amounts of oxidized Ge bonding is higher than the Ge metallic bonding at an etching time of 20 s, while at the same time, Te metallic bondings still dominate in the film meaning that Te is not etched after 20 s. The etching of Sb is almost linear in between that of Ge and Te. When the etching time is more than 20 s, many Ge atoms are oxidized to form GeO. The fact that the ratio of GeO/Ge is larger than 1 indicates that most Ge atoms form GeO in the etching period. And at an etching time [16] ); thus the dissolution may easily proceed. Therefore, Ge elements are easier to oxidize but Ge oxide is more stable than Te oxide. However, it is more difficult to oxidize Te than Ge. The whole etching process is chemical in nature involving the formation of oxides and the dissolution thereafter. Thus, the leaching capabilities of Ge and Te in the etching are almost equivalent due to the trade-off of the two factors. (Ge is a little bit faster than that of Te as shown in ICP results.) Although the oxidization ability of Sb lies in between that of Ge and Te, the oxides formed are rather stable. Thus, Sb is the most difficult element in amorphous Ge 2 Sb 2 Te 5 films to be etched. 
The I-V characteristics of a single cell fabricated using the wet-etching process
Single cells were successfully manufactured by a standard photolithographic procedure using wet-etching processes at the conditions mentioned earlier.
A cross-sectional TEM image containing top electrode Pt, chalcogenide films Ge 2 Sb 2 Te 5 and bottom electrode is shown in figure 8 . The top films of Pt and Au are used as a protection for the focused ion beam (FIB) processing. [18, 19] . From figure 8, there is a little change at the bottom of Ge 2 Sb 2 Te 5 films after operation. It is noted here that the interface might be a problem and needs further study. Moreover, it is speculated that choosing appropriate electrodes materials, such as Pt, are the main reasons for the lower threshold voltage of the studied cells.
Conclusions
It was found that Ge 2 Sb 2 Te 5 thin films could be easily etched by 20% nitric acid solution. The etching rate could be controlled very well to be about 4.6 nm s −1 . The mechanisms of wet etching was studied by ICP and XPS spectrometry. The nitric acid oxidizes each element of Ge 2 Sb 2 Te 5 chalcogenide films forming oxides which are subsequently dissolved. The whole etching process is chemical in nature. The Ge element forms Ge oxide quickly, resulting in the structure changes of thin films. In the meantime, Sb forms Sb oxide. At the middle stage of the etching process, Te starts to form Te oxide. Depending on the stability of oxides, dissolution rate in the solution in turn dominates and determines the resultant etching speeds. Ge and Sb are, respectively, the easiest and the most difficult leaching element in Ge 2 Sb 2 Te 5 thin films. Single cells were successfully manufactured by wet-etching processes. The threshold voltage of this single cell is as low as 0.60 ± 0.15 V.
